We investigate the dynamical properties of Sr2RuO4 at zero and very low temperature using density functional theory plus dynamical mean-field theory with an exact diagonalization solver. By considering rotationally invariant local interaction, we examine how Hunds coupling and spin-orbit coupling affect the correlated nature of the system. In the absence of Hund's coupling, the system shows a Fermi liquid behavior over the entire range of temperatures we consider. We confirm that the Fermi liquid persists at zero temperature even with nonzero Hund's coupling; however, at sufficient temperatures Hund's coupling significantly reduces the Fermi liquid regime and the system evolves into a typical Hund's metal. At the bare electronic occupancy of Sr2RuO4 (t 4 2g ), a stronger Hund's metallicity accompanies a larger long-time correlator. Remarkably, electron doping further destabilizes the Fermi liquid even though the long-time correlator and magnetic fluctuations decrease upon doping. This suppression of the Fermi liquid is driven by the van Hove singularity above the Fermi level in Sr2RuO4, combined with an enhanced Van Vleck susceptibility by spin-orbit coupling. Such findings point to the important role that electronic structure plays in the behavior of Hund's metals, in addition to magnetic fluctuations.
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Strong electronic correlations create numerous fascinating emergent phenomena that are hardly understood by simple single-particle pictures. The transition metal compounds with partially filled d-orbitals have been a captivating playground to investigate correlation effects, including high-T c superconductivity, metal-insulator transitions, and so on [1] . In cases where local electronic interaction dominates such systems, the essential ingredients to scale the correlations are the Hubbard U and Hund's coupling J H [2]. The on-site Coulomb repulsion U governs the Mott physics, yielding an optimal number of electrons in the system and confining the electrons to each site with an increasing energy cost for doubly occupied orbitals. On the other hand, Hund's coupling affects interorbital exchange and controls the electronic distribution over configurations with a given number of electrons.
The recent discovery of Hund's metals promotes the importance of Hund's coupling in correlated multi-orbital systems [2-4]. While Hund's coupling can appear to reduce correlations by suppressing the Mott phase, it also enhances another type of correlation that exhibits various characteristic behaviors-for example, large renormalization masses depending on filling [5, 6], spin (or J) freezing [7, 8] , and non-Fermi liquid [7] . Furthermore, a strong Hund's coupling in multi-orbital systems induces significant orbital-selective behaviors [9] [10] [11] [12] [13] . As the name implies, the aformentioned characteristics of Hund's metals originate from local correlation effects. Interplay between local correlation and electronic structure often develops exotic phenomena, such as the unconventional superconductivity in iron-based superconductors [14] .
Strontium ruthenate, Sr 2 RuO 4 , is a well-known correlated metal [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] that undergoes a crossover from Hund's metal to Fermi liquid as the temperature drops [29] [30] [31] . It exhibits unconventional superconductivity below 1.5 K [32] [33] [34] [35] [36] , the precise mechanism of which is still under debate [37, 38] . Recent experiments observing that T c is enhanced by strain [38] [39] [40] [41] [42] [43] have puzzled the relation between the van Hove singularity (VHS) and superconductivity. A good starting point to clarify the effect of the VHS, then, is to investigate how the normal state of Sr 2 RuO 4 reacts when the VHS approaches the Fermi level [23, [44] [45] [46] [47] .
Pioneering studies have adequately explained the normal state properties of Sr 2 RuO 4 via three-band models [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] employing dynamical mean-field theory (DMFT) in combination with density functional theory (DFT). Research has shown that Hund's coupling causes orbital-dependent correlations [15] [16] [17] and bad metallic behaviors at nonzero temperatures, which are prototypical features of Hund's metals. Another important local interaction in Sr 2 RuO 4 is the spin-orbit coupling (SOC) that lifts the degeneracy between j eff = 1/2 and 3/2 (where j eff is the effective total angular momentum [62] ) [63] and also modifies the Fermi surface [28, 53-56, 64, 65] . Because of the extreme computational costs as well as the fermionic sign problem though, the nonperturbative nature of electronic correlations at nonzero but very low temperature has not yet been explored.
In this Letter, we study the ground state and very low temperature physics of Sr 2 RuO 4 via the DFT+DMFT method [66, 67] with an exact diagonalization solver [68] . We include the rotationally invariant Slater-Kanamori interaction [69] with a SOC of λ SOC = 0.1 eV on top of the tight-binding Hamiltonian [70] of DFT-based maximally localized Wannier orbitals [71] obtained from the Vienna Ab-initio Simulation Package [72] . We construct a comprehensive phase diagram to clarify the effect of Hund's coupling at various temperatures in the presence of SOC, and further investigate how the system evolves across the VHS by applying electron doping. We report a strong suppression of the Fermi liquid behavior by Hund's coupling, where the suppression is reinforced by the VHS upon doping. We used three (six, considering spin) correlated and nine (eighteen) bath orbitals to satisfy the minimum requirement to describe multi-orbital physics [73] [74] [75] [76] .
The layered structure of Sr 2 RuO 4 induces a strong orbital selectivity with the aid of Hund's coupling [50] . Based on the self-energy, the d xy orbital is more strongly correlated in comparison to the other two t 2g orbitals (see Supplementary Information for more details [70] ). Since the d xy orbital experiences a drastic change in correlations, its self-energy Σ xy (iω) is a good measure for identifying whether it follows Fermi liquid behavior or not [70] . We present the power exponent of the imaginary part of the self-energies in Fig. 1(a) as Hund's coupling and temperature vary. We obtain power exponent α by fitting the self-energies to ImΣ(iω n ) ∼ ω α n with the two lowest values of ω n . The linear power of the self-energy (marked in blue in Fig. 1(a) ) with respect to the Matsubara frequency, i.e. ImΣ xy (iω) ∼ ω, indicates that the system is in the Fermi liquid phase. This phase is stable over the entire range of temperature that we can access when Hund's coupling is zero. We define the Fermi liquid temperature T FL for a given J H as the temperature whose corresponding value of α equals the α at T = 25 K for J H = 0.4 eV, where T = 25 K is based on earlier experimental works [29] [30] [31] . To present how the Fermi liquid regime evolves as a function of J H , we mark T FL with a dashed line in Fig. 1(a) . T FL decreases once Hund's coupling is turned on, but the Fermi liquid ground state persists up to J H = 0.7 eV. At J H = 0.4 eV, which is believed to be a typical Hund's coupling strength in Sr 2 RuO 4 [50, 55] , the linear power seems to hold below 10 K in our result. This scale is comparable with previous experimental results from resistivity curves [29] [30] [31] .
Deviation from Fermi liquid behavior has been extensively studied with three-band models, where the long-lived local magnetic moment may promote the scattering rate of electrons [7, 75, 77, 78] . Development of the long-lived paramag- netic moment (or so-called moment freezing) can be observed in the related magnetic susceptibility as a non-vanishing longtime correlator. The long-time correlator is defined as
where β is the inverse temperature, andŜ z is the z-component of the total angular momentum operator. To examine the origin of the power reduction in Sr 2 RuO 4 , we compute the magnetic susceptibility as displayed in Fig. 1(b) . We observe a clear similarity of the T -and J H -dependencies between the two quantities in Fig. 1 (a) and (b). When the exponent indicates Fermi liquid, the long-time correlator is vanishingly small. We note here that the mere existence of the long-lived moment does not necessarily lead to time-reversal symmetry breaking; rather, the long-lived moment coexists with its timereversal partner and the system remains paramagnetic. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . In Sr 2 RuO 4 , though, there is a nontrivial doping dependence of the power exponent. In Fig. 2 , we compare the power exponent from Σ xy and the long-time correlator for electron-doped cases. Unlike the t 4 2g case shown in Fig. 1 , the two quantities reveal a quantitatively distinct behavior for n el > 4 (where n el is electron occupancy). Here, T FL becomes minimal around n el ∼ 4.1, while the long-time correlator monotonically de- creases in the regime shown in Fig. 2 . This can be attributed to the electronic structure of Sr 2 RuO 4 that has a VHS slightly above the Fermi level in the absence of doping [79, 80] . This supports that a mechanism separate from spin-freezing leads the power deviation. The VHS strongly suppresses hybridization and amplifies the correlation effect delivered to the selfenergy. At realistic parameters of Sr 2 RuO 4 , the lowest T FL is achieved between n el = 4 and the doping where the VHS crosses the Fermi level. The lowest T FL moves to a higher n el if SOC is turned off [70] ; this originates from the VHS and the enhanced magnetic fluctuations by SOC, which will be discussed in more detail later in this Letter.
To locate the realistic parameters of Sr 2 RuO 4 , we compute the spectral functions on the Fermi level and compare them to experiments. We present the Fermi surface and low energy hole excitation spectra of Sr 2 RuO 4 in Fig. 3 , with parameters U = 2.5 eV and J H = 0.4 eV. This reproduces the Fermi surface geometry previously obtained from ARPES spectra [18] [19] [20] [21] [22] [23] [24] [25] 28] , which is consistent with earlier theoretical works [28, 53, 55] . The strong correlation effects have an intimate connection with the Fermi surface spectra. The effective masses from our results also satisfy m * γ > m * β > m * α [81] in good agreement with experimental results [17, 23, 82] and theoretical works [50, 51, 54, 55] . Orbital selectivity near the Fermi level brings us the pocket-dependent scattering of three sheets, α, β, and γ, as marked in Fig. 3(a) .
Another indispensable ingredient to explain the spectral properties here is the SOC [55, 63] . While SOC is known to be essential to produce the three pockets on the Fermi surface as discussed in previous studies [64, 65] , the role of SOC in describing low-lying excitation has yet to receive much focus. As SOC introduces a mixing between t 2g orbitals, the strong orbital dependence of the self-energy appears controversial to underpin the importance of SOC. In spite of this, here we find that the enhanced SOC affects the character of the Fermi surface pocket from the orbital projection of the spectra.
We project the spectral weights of the Fermi level in Fig. 3(a) onto the t 2g and spin-orbit coupled (j eff ) basis states in Fig. 3(b) and (c), respectively. The two 1D-like spectra associated with yz and zx are discontinuous near the ΓX lines due to orbital mixing by SOC. Interestingly, the Fermi pockets are well-defined on the spin-orbit eigenstates in the realistic parameter regime. The clear decomposition by the j eff basis is not only limited to the Fermi level but also extends to an energy window of a few hundred meV. In Fig. 3(d) , we present spectral weights as a function of energy along a few different paths between ΓM and ΓX (marked in Fig. 3(a) ), which are directly related to a recent ARPES experiment [28] . The scattering of the γ pocket is the largest because of the strong xy components in (j eff , j z ) = ( 3 2 , ± 1 2 ). The strong j eff character remains by the enhanced SOC from correlation effects. While the bare SOC is approximately 0.1 eV on Ru, local interaction boosts the splitting induced by SOC [83] . The effective SOC is thus twice as large as the bare value [53] , which is comparable to the Hund's coupling of realistic parameters in our calculation. This indicates that the low energy excitation near the Fermi level should be described based on j eff rather than on t 2g degrees of freedom.
Spin-orbit coupling is also vital to understand the magnetic response of this system. We compute the static susceptibility χ S zz (ω = 0) as
where summations run over the energy eigenstates, E a is the eigenvalue of the ath energy eigenstate, and ω ba = E b − E a . The first term in Eq.
(2) reflects the contribution from the long-lived moment, which is stated as the Curie term, whereas the second term expresses the Van Vleck (VV) component. Figure 4(a) displays the long-time correlator that governs the Curie term in the susceptibility. The Curie term is generated by energetically degenerate eigenstates and directly affected by the long-lived magnetic moment. SOC lifts the degeneracy of the eigenstates and is supposed to reduce the Curie term and the long-time correlator in t 4 2g . This results in a reduction of the long-time correlator in the Hund's metal regime (T >T FL ), as shown in Fig. 4(a) . On the other hand, the degeneracy-lifting introduced by the SOC has an opposite effect on the VV term. The VV contribution comes from the angular-momentum-mediated virtual excitations between the eigenstates. The newly contributing excitations between the SOC-lifted multiplets increases the VV term, as presented in Fig. 4(b) . In the range of T we consider, susceptibility is boosted by SOC due to the prominent VV contribution. We note that the VV contribution dominates ∆χ = χ(ω = 0) − βχ(τ = β/2), which measures the strength of fluctuations [84] . Hence, the enhanced VV at low temperature shows the significance of SOC in the correlated nature of Sr 2 RuO 4 . Combined with the VHS, spin-orbit coupling makes the system reach its lowest T FL at smaller n el than expected when based solely on the VHS.
The temperature dependence of the two contributions of Eq. (2) shows a sharp contrast. As T increases, the long-time correlator rises while the VV counterpart decreases. Overall, the enhancement of the total susceptibility by SOC decreases as a function of T . Based on the envelope, SOC appears to suppress the susceptibility at higher temperatures. This would be consistent with a previous study that reported a reduced spin susceptibility by SOC at T 300 K [59] .
In summary, we performed DFT+DMFT calculations with an exact diagonalization solver on Sr 2 RuO 4 . Considering the rotationally invariant Slater-Kanamori interaction as well as spin-orbit coupling, we constructed a comprehensive phase diagram on the T − J H plane by extracting power exponents of the self-energy. The ground state is a Fermi liquid, and the system enters the Hund's metal regime as the temperature increases, with Hund's coupling suppressing the Fermi liquid temperature. We identified the particular parameter set that reproduces experimentally observed spectral functions. The ground state of Sr 2 RuO 4 turned out to be very close to the Hund's metal regime in the phase diagram, reflecting its corre-lated nature. We then applied electron doping to study how the VHS affects the correlated metal, and found that the VHS extends the Hund's metal regime, enhancing the scattering rate of the electrons, whereas the long-time correlator weakens as the system is doped.
We also investigated the role of SOC by comparing two independent calculations, with and without SOC included in the DMFT loop. When SOC is included, the Fermi surface and low lying excitations are clearly decomposed in the j eff basis, indicating the fundamental importance of SOC in the low energy excitation of this system. Furthermore, SOC revives the orbital degrees of freedom to affect the magnetic responses. More specifically, it reduces the long-time correlator and amplifies the VV contribution in the susceptibility. Combining these two effects, SOC increases susceptibility at sufficiently low temperature and reinforces the Hund's metallicity by enhancing magnetic fluctuations near n el = 4.
Our results call for further studies in various directions. We observed that VV susceptibility with SOC outperforms the Curie part as the temperature decreases; this reveals genuine effects of SOC in correlated multi-orbital systems. By analyzing the VHS and static susceptibility, we also showed the importance that the electronic structure has on the correlation effects in Sr 2 RuO 4 . Investigation into the interplay between the VHS and superconductivity would be another promising direction for future works. From a technical perspective, it would be interesting to test the role of additional bath orbitals by employing adaptively trunctated Hilbert spaces [85] [86] [87] in highly correlated regimes where Hund's coupling is large.
We thank Andrew J. Millis and Philipp Werner for insightful comments and discussion. This work was supported by the Institute for Basic Science under Grants No. IBS-R024-D1 (HJL and AG) and IBS-R009-D1 (CHK xy,yz = 0.010. We introduce the spin-orbit coupling (SOC), λ SOC i l i · s i (where i is index for electrons on a site), on the TB Hamiltonian. From fitting the band structure of Wannier to the DFT bands having the SOC, the strength of the SOC, λ SOC , is set to 0.1 eV (as shown in Fig. S1 ). We perform the dynamical mean-field theory (DMFT) calculation based on top of this TB Hamiltonian with j eff -basis states.
We also perform the LDA calculations and obtain its MLWF and TB Hamiltonian. It has slightly reduced bandwidths compared to that of the PBEsol. This gives only minor correction on the magnitude of self-energies for fixed U and J H of our interest in the DMFT calculation. We confirm that this correction does not affect our main result significantly. It is expected to have a small shift of the critical Hund's coupling strength associated with the resulting correation effects. 
Orbital-dependent correlations
From the DFT band structure and density of states, the effective model of Sr 2 RuO 4 can be described by two degenerate d yz and d zx bands and the other d xy band. This difference between the bands enables Sr 2 RuO 4 to have the orbital selectivity, which is one of remarkable aspect of correlations effects driven by the Hund's coupling. Figure S2(a) shows the orbital-depenent correlations in the self-energy on t 2g . The imaginary part of the self-energy of the d xy is more enhanced than that of the d yz / d zx near ω = 0. This difference exists noticeably in low-energy excitations and maintains up to 0.5 eV.
The Matsubara-frequency self-energy near ω = 0 is associated with renormalized mass and renormalization factor when its imaginary part follows linear (or Fermi liquid) behavior in ω n . From the T =0 data, we compute and compare the renormalized masses m * on t 2g and j eff defined as m * = (1 − ∂ ω ImΣ(iω)| ω→0 ) −1 . We obtain (m * ( 3 2 , 1 2 ) , m *
( 1 2 , 1 2 ) , m * ( 3 2 , 3 2 ) ) (6.03, 5. 58, 4.11) , and (m * xy , m * yz , m * zx ) (7.37, 4.21, 4.21) in Sr 2 RuO 4 . 
